CKD is a risk factor for heart failure, but there is no data on the risk of ESRD and death after recurrent hospitalizations for heart failure. We sought to determine how interim heart failure hospitalizations modify the subsequent risk of ESRD or death before ESRD in patients with CKD. We retrospectively identified 2887 patients with a GFR between 15 and 60 ml/min per 1.73 m 2 referred between January of 2001 and
The 5.7 million American adults who suffer from heart failure (HF) have higher short-term and longterm mortality compared with patients without HF. [1] [2] [3] Hospitalizations for HF are a significant contributor to health care expenditures. 4 Concurrently, 23.5 million Americans have CKD, and the burdens of both HF and CKD are anticipated to rise as the population ages and diabetes and hypertension become increasingly prevalent. 5, 6 Community-based studies have shown that CKD is an independent risk factor for incident HF, 7 which in turn, leads to excess morbidity and mortality. 8 HF itself may predispose patients to incident or progressive CKD by way of altered renal hemodynamics 9 or comorbid atherosclerotic disease. 10 Readmission for HF is common and imposes additional health care costs and reduced quality of life. 11 Each subsequent HF hospitalization successively increases the risk of early mortality. 12, 13 However, these studies excluded patients with advanced CKD and did not examine the risk of kidney failure (ESRD) as an outcome. For clinicians who treat patients with both HF and CKD, knowledge regarding the relative magnitudes of the risks of ESRD and death before ESRD and whether these risks change with successive episodes of HF would help to guide management. Thus, the objective of this study was to determine how first and recurrent interim HF hospitalizations modify the mortality and renal outcomes in a cohort of referred patients followed for CKD.
RESULTS

Study Cohort Characteristics and Unadjusted Event Rates
The 2887 patients with CKD had a mean age of 71 years, a mean GFR of 38 ml/min per 1.73 m 2 , and a median albumin-tocreatinine ratio (ACR) of 75 mg/g (Table 1 ). Over a median follow-up of 3.01 years (interquartile range=1.56-4.99), 234 (8%) patients developed ESRD, and 499 (17%) patients died before ESRD. The unadjusted rate per 100 person-years of death before ESRD (5.54; 95% confidence interval [95% CI], 5.07 to 6.06) was higher than the rate of ESRD (2.60; 95% CI, 2.27 to 2.96; P,0.001).
First Interim HF and the Risk of Death and ESRD There were 359 (12%) patients with at least one interim HF hospitalization, with a median time to first interim HF hospitalization of 1.31 years (interquartile range=0.44-2.33), which is equivalent to a rate of 4.23/100 patient-years (95% CI, 3.81 to 4.70). Compared with patients who did not or were yet to experience an interim HF hospitalization, we found a 6-fold increase in the adjusted risk of ESRD and a 4-fold increase in the adjusted risk of death before ESRD after the first interim HF hospitalization (Figure 1) , with the former being significantly greater than the latter (P=0.03). We did not observe a statistically significant difference in risks of either ESRD or death before ESRD when the first interim HF hospitalization was partitioned into primary HF versus secondary HF hospitalizations (P=0.07 and P=0.08, respectively). The risks of ESRD and death before ESRD after the first interim HF hospitalization also did not differ in patients with a history of HF before referral versus patients with no history of HF before referral (interaction P value=0.75 for ESRD and P value=0.12 for death prior to ESRD). The risks of ESRD and death before ESRD were both highest in the first 3 months after admission for interim HF and declined thereafter (Figure 2) . At 3 and 6 months after the interim HF hospitalization, the risk of ESRD was higher than the risk of death before ESRD (P=0.001 and P=0.008 for difference, respectively). After 6 months, the risks of both outcomes were similar, and by 18 months, they remained 2-to 3-fold higher than the risks in patients who did not or were yet to experience an interim HF hospitalization.
Recurrent Interim HF and the Risk of Death and ESRD
In total, 154 (5%) and 87 (3%) patients experienced two and three or more interim HF hospitalizations, respectively ( Figure 3 ).
Additionally, at 1, 3, and 12 months after the first interim HF hospitalization, 8%, 20%, and 34% of patients had experienced a second HF hospitalization, respectively. After adjusting for recurrent interim HF hospitalizations, the risks of ESRD and death before ESRD after the first interim HF hospitalization were attenuated but remained significantly elevated. Furthermore, compared with patients who did not or were yet to experience an interim HF hospitalization, one, two, and three or more interim HF hospitalizations were associated with a stepwise increase in the adjusted relative risk of ESRD and death before ESRD, with hazard ratios (HRs) ranging from 4.89 (95% CI, 3.21 to 7.44) to 14.16 (95% CI, 8.07 to 24.83) (P,0.001 for linear trend) and from 3.30 (95% CI, 2.55 to 4.27) to 6.87 (95% CI, 4.96 to 9.51) (P,0.001 for linear trend), respectively ( Figure 4 ). There was no significant difference between the HRs for ESRD and death before ESRD after the first (P=0.16) interim HF hospitalization, whereas ESRD risk was greater than death before ESRD risk after the second (P=0.03) and third (P=0.04) interim HF hospitalizations.
Sensitivity Analyses
When using age as the timescale, excluding patients with a missing GFR, repeating the analysis using four alternative definitions of CKD, and adjusting for myocardial infarction and stroke events, the results remained comparable (Supplemental Table 3 ). Furthermore, results were similar to the main analysis when death, either before or after ESRD, was the outcome of interest and we accounted for additional interim HF hospitalizations occurring in patients who developed ESRD during the follow-up period (Supplemental Figure 2 ). Recurrent HF admissions were associated with a marked increase in the risk of myocardial infarction but not stroke before ESRD (Supplemental Figure 3 ).
DISCUSSION
In a cohort of patients with CKD (GFR=15-60 ml/min per 1.73 m 2 ) referred for nephrology care, we observed that interim HF hospitalizations were common and associated with successive 4-, 10-, and 14-fold increases in the likelihood of ESRD, 23-, 18-, and 29-fold increases in the likelihood of myocardial infarction, and 3-, 4-, and 6-fold increases in the likelihood of death before ESRD with each subsequent hospitalization, respectively. The absolute rate of death before ESRD was larger than the rate of ESRD in patients with interim HF hospitalizations compared with those never having experienced or yet to experience interim HF hospitalizations. The risk of ESRD was highest in the first 3-6 months after an interim HF hospitalization and attenuated thereafter, but it remained elevated at two to three times the baseline risk past the first year. For death before or after ESRD, we observed a stepwise increase in risk after recurrent interim HF hospitalizations that was comparable with other published analyses. 12 Prior studies of recurrent HF hospitalizations in chronic HF cohorts have not directly addressed the added complexity of patients who also have CKD. The Enhanced Feedback for Effective Cardiac Treatment (EFFECT) Study in Ontario, Canada showed a stepwise increase in mortality risk after recurrent HF hospitalizations. 12 Although the presence of CKD was considered, the study relied on administrative case definitions, which may have limited sensitivity for the diagnosis of CKD. Investigators from the Candesartan in Heart Failure: Assessment of Reduction in Mortality and Morbidity (CHARM) program followed patients with chronic HF with a serum creatinine,265 mmol/L for nonfatal HF hospitalizations. 13 They found a stepwise increase in mortality risk associated with nonfatal HF hospitalizations. 13 However, baseline CKD prevalence was not reported, and neither GFR nor ACR was used as an adjustment factor. On the basis of substudies of CHARM, the majority of participants had a baseline GFR of 60 ml/min per 1.73 m 2 or higher. 14 Furthermore, measures of albuminuria were available in 30% of North American patients, of whom 58% had normal values. 15 Thus, it may be difficult to generalize data from the CHARM or the EFFECT studies regarding the effect of recurrent HF hospitalizations on patients with lower GFR and/or albuminuria.
The mechanisms underlying the observations in this study are uncertain. However, CKD may lead to impaired salt and water excretion, resulting in intravascular overload. The latter may alter hemodynamics and lead to unfavorable loading conditions in the setting of preexisting systolic or diastolic dysfunction, which in turn, may lead to kidney congestion or decreased kidney perfusion, further compromising kidney function. 16 In a prospective echocardiography study of patients with CKD, depressed baseline left ventricular ejection fraction (LVEF) was independently associated with progressive CKD. 17 Moreover, left atrial enlargement, an echocardiographic surrogate for cardiac pressure and/or volume overload, independently predicted progressive CKD, even when patients with an LVEF,50% were excluded. In a substudy of the Trial to Reduce Cardiovascular Events with Aranesp Therapy, 18 an elevated N-terminal probrain natriuretic peptide, a biochemical surrogate for cardiac pressure and/or volume overload, stratified death and ESRD risk in patients with detectable and undetectable Troponin T. Lastly, a recent prospective study in patients with stages 4 and 5 CKD showed an association with moderate and severe volume overload with progressive CKD and ESRD. 19 Our findings suggest that HF, the clinical entity that encompasses left ventricular dysfunction, myocardial injury, and strain, and volume overload independently increase ESRD and mortality risk in patients with CKD.
Our findings have clinical and research implications. Vigilance is needed in caring for patients with CKD to recognize the effect of HF admissions, because each successive HF admission is associated with an increase in both ESRD and mortality risk. Readmission risk for HF is lower in patients with HF prescribed disease-modifying pharmacotherapies in clinical trial and registry data. 20, 21 Furthermore, early physician follow-up after hospitalization for acute HF is associated with lower readmission rates 22, 23 and mortality 23 at 30 days. Thus, additional investigation is warranted to determine whether prevention of incident and recurrent events through pharmacologic and nonpharmacologic interventions may improve mortality and cardiac and renal outcomes in patients with CKD.
Our analysis has several strengths. We modeled the effects of interim HF on two clinically relevant and mutually exclusive outcomes in patients with CKD. The use of diagnostic codes for HF hospitalizations that have been previously validated increases the generalizability and reduces ascertainment bias (Supplemental Table 2 ). The primary end point of ESRD, defined as the initiation of RRT rather than a drop of GFR below a given threshold, has the advantage of being the most clinically relevant outcome. Moreover, the low emigration rate in Ontario of ,1.0%/yr 24 and the province-wide outcome ascertainment minimized ascertainment bias in our cohort.
Our analysis has several limitations. HF admissions were on the basis of International Classification of Diseases (ICD) coding rather than direct chart audit. However, administrative codes used for HF have been shown to have a high positive predictive value in validation studies. [25] [26] [27] Prognostic markers in patients with HF such as LVEF or evidence-based cardioprotective medication use, which may have attenuated the reported effect estimates, were not available. In the CHARM study, the association between renal function and mortality was similar across subgroups of patients with LVEF,50% and $50%. 14 Moreover, the EFFECT investigators found that the relationship between mortality risk and recurrent HF events remained significant after adjusting for cardioprotective medications. 12 Although some patients had measured variables after the origin, our previous work with the kidney risk failure equation derived in the same population showed excellent internal 28 and external 29 validity using the same methodology. The CKD Prognosis Consortium, 30 to which the Sunnybrook Nephrology Electronic Medical Record (EMR) has contributed, uses a similar strategy to capture baseline GFR around a window surrounding the origin.
In conclusion, we report, in a large well described cohort of patients with CKD, that first, second, and third interim HF hospitalizations confer 4-, 10-, and 14-fold increases in ESRD risk and 3-, 4-, and 6-fold increases in mortality risk before ESRD compared with patients never experiencing or yet to experience an HF hospitalization. Additional prospective investigations in this high-risk population are needed to determine if primary and secondary preventative measures may attenuate the risk of these outcomes.
CONCISE METHODS
Study Cohort
The Sunnybrook Nephrology EMR database has tracked all outpatient referrals to the nephrology clinic at Sunnybrook Health Sciences Centre (SHSC) in the North York region of Toronto, Ontario since its inception in April of 2001 (n=6255). 28 Patients referred before January 1, 2001, in whom follow-up data were not available, were excluded (n=603). Patients with a GFR,15 or .60 ml/min per 1.73 m 2 at the time of referral 31 (n=216 and n=2545, respectively) and HF hospitalizations or ESRD occurring before the date first seen in the clinic were excluded (n=14), yielding a primary analysis cohort of 2887 patients with G3-G4 CKD by the new Kidney Disease Improving Global Outcomes classification. 32 (Supplemental Figure 1) .
Definition and Ascertainment of Predictor and Outcome Variables
The origin for time-to-event analyses was defined as the date of the first nephrology clinic visit. The primary exposure variable was the first interim HF hospitalization after the origin in which there was an administrative code for HF as either a primary or secondary diagnosis. Table 2 ).
Baseline predictor variables were obtained from the SHSC Nephrology EMR and included demographic variables (age and sex), physical examination data (BP), and presence of comorbid conditions (diabetes, hypertension, HF, and previous occlusive cardiovascular disease). Previous occlusive cardiovascular disease (cerebral, coronary, or peripheral) and previous HF were defined as hospitalizations or outpatient diagnoses that occurred before the origin. Additional baseline cancer (ICD-9: 140-239 and ICD-10: C00-C97 and D10-D48), chronic obstructive pulmonary disease (ICD-9: 490-493 and 496 and ICD-10: J20 and J40 -J45), and dementia (ICD-9: 290 and ICD-10: F00-F03) were ascertained from CIHI DAD. 12 Baseline laboratory variables, including serum creatinine, calcium, phosphate, albumin, bicarbonate, and hemoglobin, were defined as the first result closest to and within 365 days of the origin and at least 30 days before the first interim HF hospitalization when applicable. Baseline serum creatinine measurements were provided by the Sunnybrook clinical laboratory as well as several community laboratories (Supplemental Table 2 ). GFR was estimated using the Chronic Kidney Disease Epidemiology 2009 creatinine equation. 6 Albuminuria was quantified by direct measurement of the urine ACR or use of a formula derived from the Irbesartan in the Diabetic Nephropathy Trial study, whereby 24-hour urinary protein excretion was transformed to an ACR. 33 Except for ACR, baseline variables had ,25% missing data. Missing data for all variables were imputed using the multiple imputation technique 34 with 20 imputations on the basis of PROC MI in SAS, version 9.3 (SAS Institute Inc., Cary, NC).
The outcomes of interest included ESRD and death before ESRD. ESRD was defined as the need for dialysis or preemptive renal transplantation and ascertained through linkage to the Ontario Ministry of Health Physician Claims Database, which contains all records of physician billing activity in Ontario. We used the date of the first fee claim for dialysis or renal transplant enumerated in this database as the date of ESRD for our analysis. Death before ESRD was ascertained from the Ontario Registered Persons Database, which contains vital statistics on all residents of Ontario eligible for the Ontario Health Insurance Plan. 35 
Statistical Analyses
Laboratory variables and physical examination characteristics were evaluated as linear predictors except for ACR, which was logtransformed. We developed Cox proportional hazard models for ESRD and death before ESRD outcomes and analyzed the causespecific HRs associated with time-dependent covariates (interim HF hospitalizations) while adjusting for time-independent covariates (age, sex, BP, history of diabetes, hypertension, occlusive cardiovascular disease, HF, cancer, chronic obstructive pulmonary disease, and dementia as well as laboratory data, such as eGFR, ACR, calcium, phosphate, bicarbonate, urea, albumin, and hemoglobin). 36 We tested for an interaction between the first interim HF hospitalization and a baseline history of HF before referral. At the origin, patients were assigned the value zero for a time-dependent covariate that incremented by one unit, up to a maximum of three, for each interim HF hospitalization. Patients could accrue changes to the time-dependent covariate until any of the outcomes of interest occurred or the subject was censored. We tested for a difference between the cause-specific HRs associated with interim HF hospitalizations and the two outcomes by introducing an interaction term between the time-dependent covariates and the type of outcome in a stratified Cox model.
We conducted several sensitivity analyses. Age as the timescale was used rather than time on study to rule out additional confounding by age at the time of referral that was not sufficiently accounted for by including age as a baseline covariate in the proportional hazards model. 37 The analysis was repeated after excluding patients in whom GFR was imputed (n=2749) and four previously published alternative definitions for CKD were used 38 : (1) GFR,60 ml/min per 1.73 m 2 or ACR$30 mg/g (G3-G4 or A2-A3; n=4719), (2) GFR,60 ml/min per 1.73 m 2 or ACR$300 mg/g (G3-G4 or A3; n=3275), (3) GFR,45 ml/min per 1.73 m 2 (G3B-G4; n=1980), and (4) GFR,45 ml/min per 1.73 m 2 or ACR$300 mg/g (G3B-G4 or A3; n=2498) (Supplemental Figure 1) . We also adjusted for interim myocardial infarction and stroke hospitalizations to rule out residual confounding. We verified that one, two, or three or more recurrent HF hospitalizations were associated with death either before or after ESRD as the outcome of interest. In the latter sensitivity analysis, the effect of reaching ESRD on mortality risk was also treated as a binary time-dependent covariate. Lastly, in a supplemental analysis, we examined the effect of one, two, or three or more HF admissions with the risk of subsequent myocardial infarction and stroke events that occurred before ESRD. For covariates where there was evidence of nonproportionality, the time-average effect was reported. 39 Except for data imputation (above), statistical analyses were carried out at a two-sided significance level of P,0.05 using open source R v3.02 software. This study was approved by the Research Ethics Board at SHSC, and a waiver of consent was granted given its retrospective nature.
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